Background. The use of venovenous bypass in liver transplantation has declined over time. Few studies have examined the impact of surgical approach in cases performed exclusively without venovenous bypass. We hypothesized that advances in liver transplant anesthesia and perioperative care have minimized the importance of surgical approach in the modern era. Methods. Deceased donor liver transplants at the University of Toronto from 2000 to 2015 were reviewed, all performed without venovenous bypass. First, an unadjusted analysis was performed comparing perioperative outcomes and graft/patient survival for 3 different liver transplant techniques (caval interposition, piggyback, side-to-side cavo-cavostomy). Second, a propensity-matched analysis was performed comparing caval interposition to caval-preserving techniques. Results. One thousand two hundred thirty-three liver transplants were included in the study. On unadjusted analysis, blood loss, transfusion requirement, postoperative complications, and graft/patient survival were equivalent for the 3 different techniques. To account for possible confounding patient variables, propensity matching was performed. Analysis of the propensity-matched cohorts also demonstrated similar outcomes for caval interposition versus caval-preserving approaches. Conclusions. In the modern era at centers with a multidisciplinary team, the importance of specific liver transplant technique is minimized. Full or partial cross-clamping of the inferior vena cava is feasible without the use of venovenous bypass.
A s liver transplantation (LT) was being developed, it was hypothesized that venovenous bypass (VVBP) would improve intraoperative stability during the anhepatic phase of the operation and lead to improved perioperative outcomes. 1 As such, VVBP was routinely used at most centers. In the 1990s, however, increased recognition of complications from VVBP and the emergence of the caval-preserving piggyback (PB) implant technique contributed to a decline in the use of VVBP. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In 1998, Chari and colleagues 21 published a survey of 50 major North American transplant centers which demonstrated that 42% of centers routinely used VVBP, a significant reduction from 91% in 1987. Since that report, ongoing refinements in intraoperative management have likely led to even further reductions in the use of VVBP, although a contemporary assessment of VVBP practice patterns has not been performed. In the current era, particularly at centers with experienced liver transplant anesthesiologists, LT without VVBP is achievable both with partial or complete cross-clamping of the inferior vena cava (IVC). However, very few studies have examined the impact of surgical approach on outcomes of LT performed without VVBP.
At the University of Toronto, we began performing LT without VVBP in 1993, using a caval interposition (CI) technique. In 1993, 43 of 67 (64%) adult LTs were performed without VVBP. By 1996, 72 (93%) of 77 of adult LTs were performed by CI without VVBP. Since 2000, we have exclusively performed LT without VVBP, and implantation technique is driven purely by surgeon preference. The majority of cases have been performed with the classic CI technique, necessitating full cross-clamp of the IVC. Less frequently, we have used a PB technique in which the recipient IVC is preserved and caval anastomosis performed between donor suprahepatic cava and the confluence of the recipient left and middle hepatic veins. More recently, we have incorporated a third approach, using a side-to-side (SS) caval anastomosis after backtable resection of the caudate lobe.
The purpose of this study is to compare the safety and efficacy of 3 different liver transplant techniques performed without VVBP. In particular, we asked whether surgical approach affects the intraoperative and postoperative course at a high-volume center where patients are managed by a multidisciplinary transplant team.
MATERIALS AND METHODS
The study group consisted of deceased donor LTs performed from 2000 to 2015 at the Toronto General Hospital. Re-transplants and split liver transplants were excluded from the analysis given their added technical complexity. For the SS technique, backtable preparation included mobilization and resection of the caudate lobe with a linear cutting stapler ( Figure 1 ).
The following clinical and demographic data were retrospectively extracted from a prospectively collected electronic transplant database (Organ Transplant Tracking Record: Transplant Care Platform 6, Organ Transplant Tracking Record Chronic Care Solutions, Omaha, NE): (1) To account for possible confounding patient variables, we subsequently performed a propensity score-matched analysis to compare CI to caval-preserving techniques. For this analysis, the PB and SS techniques were combined into a single caval-preserving cohort. A propensity score was generated for each case based on the following recipient variables: recipient age, MELD score, and recipient acuity (home, inpatient, ICU). We chose to use only recipient factors in constructing the propensity match because in centers that use both techniques, recipient status is the primary determinant of which technique is used. A 5:1 nearest-neighbor match (caliper of 0.25) was performed to generate matched cohorts. Perioperative outcomes and graft/patient survival were then compared for CI versus caval preserving implant techniques.
RESULTS

Unadjusted Analysis
Recipient Characteristics
Recipient characteristics are displayed in Table 1 . Recipient age was slightly younger in the PB group compared with the CI and SS groups. There was also a slight preponderance of female patients in the PB group compared with the other 2 groups. Body mass index was similar among the groups. There appeared to be differences among groups with regard to patient acuity, based on patient location before transplant. For example, in the PB group, 17.6% of patients were in the ICU before transplant, compared with only 7.3% and 6.5% in the CI and SS groups, respectively (P = 0.008). However, mean MELD score and the proportion of patients with MELD scores of 35 or greater were similar among groups. The etiology of end-stage liver disease was similar among groups, although there was a higher incidence of hepatocellular carcinoma (HCC) in the SS group compared with the CI and PB groups, respectively (52.3% vs. 42.8% vs. 32.6%, P = 0.04).
Donor Characteristics
There was a similar proportion of grafts donated after cardiac death (DCD) in each group (Table 2) . Donor sex was similar among CI, PB, and SS groups (59% male vs. 49% male vs. 49% male, P = 0.07). Donor age was greater in the SS group compared with the CI and PB groups (55.5 ± 14.8 vs. 46.9 ± 17.4 vs. 48.2 ± 17.5, P = 0.0005). Donor BMI was also slightly higher in the SS group compared with the CI and PB groups (27.4 ± 5.2 vs. 26.4 ± 5.1 vs. 25.3 ± 5.2, P = 0.04).
Operative Characteristics
Operative characteristics are displayed in Table 2 . The use of induction immunosuppression was similar among groups. Cold ischemic time was similar among groups, but warm ischemic time was significantly longer in the CI group compared with the PB and SS groups, respectively (54.3 min ± 30.7 vs. 41.0 min ± 14.7 vs. 38.7 min ± 12.4, P < 0.001). The operative time was significantly shorter in the SS group compared with the CI and PB groups, respectively (321 ± 93 minutes vs. 365 ± 179 minutes vs. 347 ± 88 minutes, P = 0.05). Estimated blood loss was similar among the groups. There was increased administration of crystalloid in the SS group compared with the CI and PB groups, respectively (2.9 L ± 2.8 vs. 1.9 L ± 2.1 vs. 2.0 L ± 2.1, P = 0.03). Transfusion of red blood cells (RBCs), fresh frozen plasma (FFP), and platelets were similar among the groups. There was significantly less requirement for intraoperative vasopressor agents in the SS group compared with the CI and PB groups, respectively (28.9% vs. 35.3% vs. 50.6%, P = 0.01). The proportion of patients "fast-tracked" postoperatively (extubated and recovered in PACU/stepdown) was similar among groups.
Postoperative Outcomes
Postoperative outcomes are displayed in Table 3 . There was a significant reduction in the rise in creatinine on postoperative day 1 in the PB group compared to the CI and SS groups, respectively (2.8% ± 37.0% vs. 13.2% ± 34.8% vs. 9.3% ± 38.7%, P = 0.0005). However, peak creatinine in the first 48 hours was similar among groups. Peak aspartate aminotransferase (AST), alanine aminotransferase (ALT), and internationalized normalized ration (INR) were all similar among groups. Bilirubin on day 7 was also similar among groups. There was an increased ICU and postoperative length of stay in the PB group compared with the other 2 groups. Rates of graft failure (90 days), patient death (90 days), and severe complications (Dindo-Clavien score ≥ 3B) were all similar among groups.
Graft and Patient Survivals
Graft survival is displayed in Figure 2 . There was no difference in graft survival among groups (P = 0.79, log-rank). Graft survival at 1 year for CI, PB, and SS groups was 89.3%, 89.0%, and 92.3%, respectively. Graft survival at 5 years for CI, PB, and SS groups was 77.1%, 78.0%, and 77.5%, respectively. Patient survival is displayed in Figure 3 . There was no difference in patient survival among groups (P = 0.64, log-rank). Patient survival at 1 year for CI, PB, and SS groups was 90.5%, 90.2%, and 92.3%, respectively. 
Propensity Matched Cohort Analysis
Recipient Characteristics
After propensity-score matching, patients were well balanced between the CI and caval sparing cohorts (Table 4) . There were no significant differences in age, sex, BMI, patient acuity, or MELD score between cohorts.
Donor Characteristics
There was a similar proportion of grafts donated after cardiac death (DCD) in each cohort (Table 5) . Donor sex was similar between CI and caval preserving cohorts (61.2% male vs. 51.5% male, P = 0.07). Donor age was slightly younger in the CI cohort compared with the caval preserving cohort (47.7 ± 17.5 vs. 51.5 ± 17.4, P = 0.04). Donor BMI was similar between cohorts (26.5 ± 5.0 vs. 26.1 ± 5.2, P = 0.55).
Operative Characteristics
Operative characteristics for the propensity-matched cohorts are displayed in Table 5 . The use of induction immunosuppression was similar. Cold ischemic time was slightly shorter in the CI cohort (432.5 ± 131.8 minutes vs. 472.3 ± 134.4 minutes, P = 0.006). As expected, warm ischemic time was significantly longer in the CI cohort compared with the caval preserving cohort, owing to an additional caval anastomosis (55.3 ± 42.0 minutes vs. 38.8 ± 12.1 minutes, P < 0.001). The operative time was also significantly longer in the CI cohort (359 ± 176 minutes vs. 327 ± 94 minutes, P = 0.04). Estimated blood loss, blood product transfusion, and requirement for intraoperative vasopressor agents were similar between cohorts. The proportion of patients "fast-tracked" postoperatively (extubated and recovered in PACU/stepdown) was also similar between cohorts.
Postoperative Outcomes
Postoperative outcomes are displayed in Table 6 . There was a greater rise in creatinine on postoperative day 1 for the CI cohort compared with the caval preserving cohort (14.3% ± 34.9% vs. 7.3% ± 41.3%, P = 0.003). However, this effect appeared to be transient, as peak creatinine in the first 48 hours was similar between cohorts. Peak AST, ALT, INR, and day 7 bilirubin were all similar between cohorts. Length of ICU stay and posttransplant length of stay were similar between groups. Rates of graft failure (90 days), patient death (90 days), and severe complications (DindoClavien score ≥ 3B) were all similar between groups. FIGURE 3. Unadjusted analysis: patient survival.
Graft and Patient Survivals
Graft survival is displayed in Figure 4 . There was no difference in graft survival between cohorts (P = 0.34, log-rank). Graft survival at 1 year for the CI cohort was 91.1% versus 92.2% for the caval preserving cohort. Graft survival at 5 years for the CI cohort was 79.4% versus 82.0% for the caval preserving cohort. Patient survival is displayed in Figure 5 .
There was no difference in patient survival between cohorts (P = 0.24, log-rank). Patient survival at 1 year for the CI cohort was 91.7% versus 92.3% for the caval preserving cohort. Patient survival at 5 years for the CI cohort was 79.3% versus 83.8% for the caval preserving cohort.
DISCUSSION
Historically, the choice of surgical technique and use of VVBP in LT were closely linked. Several studies from the late 1990s and early 2000s suggested superiority of the PB technique without VVBP compared with the classic CI technique with VVBP. 2, 6, 7 However, very few studies have analyzed the effect of surgical techniques when LT is performed exclusively without VVBP. 22 Thus, the purpose of the present study was to compare 3 different liver transplant techniques used exclusively without VVBP. We hypothesized that the impact of specific surgical technique would be relatively minimal at an experienced center with a dedicated multidisciplinary LT team. This study represents one of the largest series of LT performed without VVBP in the literature, and to our knowledge includes the largest series of transplants performed by CI without VVBP. The unadjusted analysis of the 3 implant techniques did not demonstrate any clear trends in favor of a particular technique. Blood loss, transfusion requirements, post-operative complication rates, and graft/patient survival were all similar. However, we observed some potentially confounding differences in patient characteristics (age, gender, and patient acuity). To account for these potential confounders, we performed a propensity-matched analysis based on patient age, MELD, and acuity. Matched cohorts were generated and comparisons then made by surgical approach (CI versus caval preserving).
After propensity score matching, patient cohorts were well balanced. With respect to the effect of surgical approach, there were some notable differences observed between cohorts, but again, no pattern to suggest a clear advantage. For example, there was a longer warm ischemic time and operative time for the CI technique compared with caval preservation, but no difference in blood loss, transfusion requirement, or need for vasopressor agents. Caval preservation appeared to have a transient benefit in terms of renal function (reduced rise in creatinine on postoperative day 1), but this benefit did not manifest in a reduction in peak creatinine. Postoperative complication rate, ICU stay, posttransplant length of stay, and graft/patient survival were also similar between matched cohorts.
There are limitations of this study that must be acknowledged. First, this is a retrospective, single-institution study and is thus subject to the biases associated with our practice environment. In particular, differences in patient demographics and organ availability in Canada have facilitated transplantation at a lower average MELD score than many centers in the United States and Europe. This has contributed to our center's ability to eliminate the use of VVBP, which may not be achievable in other settings with higher patient acuity. Another limitation of our study is the relatively small sample size for the caval-preserving techniques relative to CI, which is the dominant technique in Toronto. While most clinically relevant outcomes appear to be similar, our study may be underpowered to detect small differences between groups.
In conclusion, this report highlights a substantial experience with LT performed exclusively without VVBP, including the largest series of CI done in this fashion. Because of the predominance of the CI technique at our center, surgical and anesthesia teams have become accustomed to routinely managing the hemodynamic alterations during this period. In such an environment, both CI and caval-preserving approaches appear to be similarly safe and effective, and the importance of specific surgical technique is minimized even without VVBP.
